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Introduction {#sec001}
============

According to the 2010 American Census, there were approximately 300,000 children with disabilities requiring some form of assistance with activities of daily living \[[@pone.0226052.ref001]\]. In this context, assistive devices such as wheelchairs and robotic arms are vital for activities requiring mobility and manipulation. Importantly, these devices are not only critical from a sensorimotor perspective, but they also support psychosocial development by providing children with greater independence \[[@pone.0226052.ref002]\].

Among methods of controlling assistive devices, manual joysticks are the most popular \[[@pone.0226052.ref003]\]; however, because they require upper limb functionality, they are not suited for individuals with severe motor impairments such as high-level spinal cord injury or congenital limb absence. For these individuals, interfaces have been developed based on signals from the brain \[[@pone.0226052.ref004]--[@pone.0226052.ref006]\], or the body \[[@pone.0226052.ref007]--[@pone.0226052.ref009]\]. For children in particular, interfaces based on brain signals, invasive or non-invasive, are less than ideal for long-term use because of issues related to risks of surgery, signal quality, signal drift and longevity \[[@pone.0226052.ref010], [@pone.0226052.ref011]\]. These limitations highlight the need for developing body-machine interfaces that are non-invasive and robust, and, importantly, also have form factors that make them inconspicuous during interaction with peers \[[@pone.0226052.ref012]\].

A specific class of body-machine interfaces that addresses these requirements are interfaces based on head movements \[[@pone.0226052.ref013]\]. Head movements are typically preserved in individuals with severe motor impairments, often making such interfaces the only viable option. Two common approaches based on head movements are head arrays and head joysticks. Head arrays rely on a series of switches that are physically activated by contact with the head. Although they are commercially available and have been used for wheelchair control, they are not well-suited for high degree-of-freedom (DOF) tasks because of the binary nature of the switches. Head joysticks, in contrast, mimic manual joysticks and provide a continuous method of controlling degrees of freedom \[[@pone.0226052.ref014], [@pone.0226052.ref015]\], thus having the potential for being used for high-DOF tasks. In addition, head joysticks based on commercially available inertial measurement units (IMUs) are non-invasive, wireless, and have high signal-to-noise ratios. Previous research has shown the utility of head joysticks for low-DOF tasks such as wheelchair control \[[@pone.0226052.ref014], [@pone.0226052.ref016], [@pone.0226052.ref017]\], but evidence of control of high-DOF tasks using head joysticks is limited \[[@pone.0226052.ref018], [@pone.0226052.ref019]\], especially in children.

In this study, we investigated the use of an IMU-based head joystick for controlling a robotic arm to perform high-DOF functional tasks. In a child with congenital absence of all four limbs, we examined the child's ability to perform two tasks related to activities of daily living--(i) picking up a cup and drinking using a straw, and (ii) manipulating objects placed on a table. We show that the child can use the head-joystick to successfully perform these complex tasks and improve over time to a level that is comparable to that of an unimpaired individual using a manual joystick.

Materials and methods {#sec002}
=====================

Participants {#sec003}
------------

Our main participant was a 14-year old male with congenital absence of all four limbs---see [Fig 1a](#pone.0226052.g001){ref-type="fig"}. He had participated in two previous studies with our group which involved position control of a cursor \[[@pone.0226052.ref020]\] and 2-DOF velocity control of the end-effector of a robotic arm \[[@pone.0226052.ref021]\]. These prior studies involved the control of these devices using shoulder and torso movements. In the current study, he used his head as a joystick to control the robotic arm as shown in [Fig 1a](#pone.0226052.g001){ref-type="fig"}. Initially, there were 4 unstructured sessions, each lasting about 30--45 minutes in length. We used these sessions to calibrate the interface to make sure that the head movements performed were in a comfortable range when controlling the robot. During each session, the participant was asked to do some exploratory movements of the head to understand how movements of each DOF controlled the robot, and to learn the operation of the switches (which were used to toggle between the translation/orientation modes and control the end-effector). In addition, the participant was also free to perform any tasks of their liking using the robot arm like trying to pick up an object from a table. The child was paid \$10 per visit.

![Interfaces for controlling the robot and experimental setup for the drinking and stacking tasks.\
(a) Interface for main participant using the head-joystick. A head mounted IMU was used to control the robotic arm, and switches (SW1, SW2, SW3) placed behind the shoulder were used to toggle between different control modes and for control of the grasper. (b) Interface for control participant using the manual joystick. (c) Initial layout of drinking task. Participants had to use the robotic arm to grasp the cup and bring it to the mouth. (d) Initial layout of stacking task. Participants had to use the robotic arm to stack the five blocks on top of each other in order of decreasing size with the biggest block at the base.](pone.0226052.g001){#pone.0226052.g001}

Our control participant was an able-bodied college-aged male volunteer (21 years old)- see [Fig 1b](#pone.0226052.g001){ref-type="fig"}. He controlled the robot with its accompanying manual joystick. He had no prior experience interacting with the system or observing its use.

All participants provided informed consent or assent (including parental consent in case of child) and experimental protocols were approved by the IRB at Michigan State University. The individuals pictured in [Fig 1](#pone.0226052.g001){ref-type="fig"} (and the [S2](#pone.0226052.s002){ref-type="supplementary-material"} and [S1](#pone.0226052.s001){ref-type="supplementary-material"} Videos) have provided written informed consent (or parental consent when appropriate, as outlined in PLOS consent form) to publish their images and videos alongside the manuscript.

Apparatus {#sec004}
---------

Robot: We used a 7-DOF robotic arm (JACO v2 arm, KINOVA robotics, Boisbriand QC, Canada) mounted on a table for performing the object manipulation tasks. The robotic arm, shown in [Fig 1](#pone.0226052.g001){ref-type="fig"}, is anthropomorphic with 2 DOFs at the shoulder, 1 DOF at the elbow, 3 DOFs at the wrist, and a 1 DOF gripper; specifications of the robot can be found at [www.kinovarobotics.com](http://www.kinovarobotics.com).

Head-Joystick: For the child with congenital limb absence, the robotic arm was controlled via signals generated by a wireless inertial measurement unit (IMU) (YEI Technologies Inc., Ohio) worn on the top of a baseball cap with the bill removed---see Figs [1a](#pone.0226052.g001){ref-type="fig"} and [2a](#pone.0226052.g002){ref-type="fig"}. A second IMU, shown in [Fig 1a](#pone.0226052.g001){ref-type="fig"}, was placed on the table to determine the relative orientation between the participant and the robot reference frame. This second IMU, although redundant in the current study (because the table was always fixed), is necessary for preventing unintended movement of the robotic arm when the robot reference frame moves along with the participant (for example, when the robot is mounted on the wheelchair of the participant). Together, these IMUs were used to control the six DOFs of the robot end-effector---three position DOFs and three orientation DOFs. The head-joystick was not used to control the seventh DOF---opening and closing of the end-effector, which was performed by operation of switches described below.

![Configurations of head-joystick and manual joystick.\
(a) Configuration of the head-joystick. It consisted of a three DOF wireless inertial measurement unit (IMU) (YEI Technologies Inc.) on top of a baseball cap with the bill removed. (b) Configuration of the manual joystick. The joystick could move forward or backward, left or right, or be twisted clockwise or counterclockwise. Buttons on the joystick enabled the user to switch control modes as indicated by the light-emitting diodes (LEDs) at the top.](pone.0226052.g002){#pone.0226052.g002}

Switches: In addition to the two IMUs, there were three switches. The first switch (SW1) enabled toggling between position control of the end-effector, orientation control of the end-effector (both using the head-joystick), and a no-movement mode. SW1 was a small button-type off-the-shelf switch (requiring a 1 N activation force) placed below the primary participant's left shoulder---see [Fig 1a](#pone.0226052.g001){ref-type="fig"}). The three modes allowed the participant to use the head-joystick to control all six DOFs of the robot, and the no-movement mode allowed the participant to freely move his body when not intending to control the robot---see [Fig 3a](#pone.0226052.g003){ref-type="fig"}. Two additional switches (SW2 and SW3---see [Fig 1a](#pone.0226052.g001){ref-type="fig"}) were attached to the chair's backrest, behind the shoulders of the participant, and controlled the opening and closing of the end-effector. These switches were custom-made with a diameter of 70 mm, a throw of 1 mm, and an activation force of approximately 10 N. Pressing only SW2 caused the grasper to close, while pressing only SW3 caused it to open. Pressing neither or both switches resulted in the current grasp being maintained---see [Fig 3b](#pone.0226052.g003){ref-type="fig"}. The participant was able to determine the state of the grasper from LEDs placed on the table---see [Fig 1a](#pone.0226052.g001){ref-type="fig"}.

![Description of switches used to toggle between modes.\
(a) The three modes of end-effector control as toggled by switch one (SW1). (b) Switches SW2 and SW3 were used to close and open the grasper. The truth table shows how pressing and releasing each button on and off causes the grasper to react.](pone.0226052.g003){#pone.0226052.g003}

Traditional Joystick: The able-bodied adult participant controlled the robotic arm using the manual joystick (shown in Figs [1b](#pone.0226052.g001){ref-type="fig"} and [2b](#pone.0226052.g002){ref-type="fig"}). This allowed for 3-DOF end-effector position control, 3-DOF end-effector orientation control, and 1-DOF opening and closing of the end-effector grasper. These three modes were toggled using buttons on the joystick while LEDs (located on the joystick) signaled the active mode. This functionality inspired the design of the head-joystick and switches used by our primary participant.

Controlling the six DOFs of the robot using the head-joystick {#sec005}
-------------------------------------------------------------

The head-joystick has three independent DOFs associated with the head tilting up and down (neck flexion/extension, see [Fig 4a](#pone.0226052.g004){ref-type="fig"}), the head turning right and left (rotation, see [Fig 4b](#pone.0226052.g004){ref-type="fig"}), and the head tilting right and left (lateral flexion/extension, see [Fig 4c](#pone.0226052.g004){ref-type="fig"}). These three DOFs were measured by the IMU on the head and mapped to control either the three DOFs of the end-effector position or the three DOFs of the end-effector orientation. We used a velocity-control mode where the IMU signals were mapped to velocity commands. The robot internally performed inverse kinematic and inverse dynamic computations for joint angle velocities and actuator torques to produce the commanded end-effector velocities. Velocity commands for the end-effector position were computed with respect to the base frame of the robot (XYZ frame in [Fig 4d](#pone.0226052.g004){ref-type="fig"}), while velocity commands for the end-effector orientation were computed with respect to the body-fixed frame of the end-effector (e~1~e~2~e~3~ frame in [Fig 4e](#pone.0226052.g004){ref-type="fig"}).

![Mapping between head motion and robotic arm motion for the head joystick.\
Three sets of possible motions of the head for controlling the three DOFs of the head-joystick: (a) tilting the head up and down, (b) turning the head right and left, (c) tilting the head right and left. (d) Coordinate frame fixed to the robot base for controlling the position of the end-effector showing the corresponding change in position of the end-effector for each set of head motions. (e) Coordinate frame fixed to the robot end-effector for controlling the orientation of the end-effector showing the corresponding orientation of the end-effector for each set of head motions.](pone.0226052.g004){#pone.0226052.g004}

In the end-effector position control mode (achieved by toggling SW1), tilting the head upwards relative to a neutral home head orientation, as shown in [Fig 4a](#pone.0226052.g004){ref-type="fig"}, resulted in an upward (+Z) motion of the end-effector---see [Fig 4d](#pone.0226052.g004){ref-type="fig"}. Through the same process, tilting the head downwards (see [Fig 4a](#pone.0226052.g004){ref-type="fig"}) resulted in downward motion (-Z). The magnitude of the velocity command was proportional to the angle of head tilt. Similarly, turning the head right and left (see [Fig 4b](#pone.0226052.g004){ref-type="fig"}) resulted in the end-effector motion towards the right (+X) and left (-X), respectively---see [Fig 4d](#pone.0226052.g004){ref-type="fig"}. Finally, following the right-hand-rule, tilting the head to the right and left (see [Fig 4c](#pone.0226052.g004){ref-type="fig"}) resulted in end-effector movement forward (+Y) and backwards (-Y)---see [Fig 4d](#pone.0226052.g004){ref-type="fig"}.

In the end-effector orientation control mode (achieved by toggling SW1---see [Fig 3a](#pone.0226052.g003){ref-type="fig"}), the IMU signals were translated to rotational velocities of the end-effector about its body-fixed frame. Tilting the head up and down (see [Fig 4a](#pone.0226052.g004){ref-type="fig"}) resulted in the end-effector pitching about its e~1~ axis in the positive and negative direction (see [Fig 4e](#pone.0226052.g004){ref-type="fig"}). Similarly, turning the head right and left (see [Fig 4b](#pone.0226052.g004){ref-type="fig"}) resulted in the end-effector rotating about its e~3~ axis in the negative and positive direction. Finally, tilting the head to the right and left (see [Fig 4c](#pone.0226052.g004){ref-type="fig"}) caused the end-effector to rotate about the e~2~ axis in the positive and negative direction, respectively.

Because even small unintentional deviations from the resting posture could be captured by the IMUs and potentially affect the velocities, we implemented a 'dead-zone' of 0.1 radians (≈6 deg) so that robot actually started moving only when the IMU roll, pitch, or yaw angles exceeded this threshold. When a measured angle exceeded this threshold, we subtracted the value of 0.1 from the magnitude of angle before computing the commanded velocity to maintain smooth control (e.g. an IMU yaw angle of 0.15 rad would only cause the end-effector to move at 0.05 m/s to the X direction in cartesian mode). The dead-zone not only provided the user with a larger range of rest postures, but also helped the user generate distinct commands along a single direction as velocities in the other two directions would be under the threshold.

Tasks {#sec006}
-----

We used two tasks that mimicked activities of daily living to assess the participants' abilities to control all 7 DOFs of the robotic arm: a drinking task and a stacking task.

### Drinking task {#sec007}

The first task involved drinking from a cup. The participant was required, as quickly as possible, to reach for and grasp a cup containing liquid, bring the cup towards the mouth, and drink from it using a straw. The paper cup was semi-rigid: it provided enough resistance to be firmly grasped while also deforming enough to allow the participant to visually confirm the strength of the grasp. The robotic arm was always initialized in the same starting position (X: 0.40 m, Y: 0.30 m, Z: 0.30 m from the base of the robot with the gripper open enough to grasp the cup and facing towards the right) while the cup was in front of and to the right of the participant on the table (mean X: 0.58 m, mean Y: 0.25 m, Z: 0.00 m)---see [Fig 1c](#pone.0226052.g001){ref-type="fig"}. The straw was also kept consistently in the same orientation. To impose similar constraints on both participants, the control participant was instructed to minimize trunk movement and to move the straw to their mouth (and not move their upper body towards the straw). The final position of the grasper holding the cup when the main participant took a drink was (mean X: 0.35 m, mean Y: -0.04 m, Z: 0.10 m) with the grasper facing towards the participant.

### Stacking task {#sec008}

The second task involved stacking five cube-shaped blocks of decreasing size (see [Table 1](#pone.0226052.t001){ref-type="table"}), each with an open face, on top of each other---see [Fig 1d](#pone.0226052.g001){ref-type="fig"}. From the same initial end-effector position as the drinking task, each block had to be grasped, reoriented, and placed on the previous larger block to build a tower. Each block had a lip that protruded 8--10 mm outside the base of the next larger block, thereby determining the required accuracy needed to successfully stack the blocks. The location of the tower was chosen by the participant (mean X: 0.39 m, mean Y: 0.28 m) to allow them to have a clear vision of the remaining blocks for the remainder of the tasks.

10.1371/journal.pone.0226052.t001

###### Dimensions of five blocks used in the stacking task.

![](pone.0226052.t001){#pone.0226052.t001g}

  Block   Outer dimension of closed face (mm)   Inner dimension of open face (mm)
  ------- ------------------------------------- -----------------------------------
  **1**   67                                    84
  **2**   60                                    77
  **3**   53                                    68
  **4**   46                                    61
  **5**   44                                    54

The difference between the outer dimension of the previous block and the inner dimension of the subsequent block defined the precision to which the block had to be placed to be secure. For example, the precision requirement when stacking the 2^nd^ block on top of the 1^st^ was 77--67 = 10 mm, and that for stacking the 5^th^ on the 4^th^ block is 54--46 = 8 mm.

The blocks were placed directly across the table from the participant in five orientations not matching the target orientation---see [Fig 1d](#pone.0226052.g001){ref-type="fig"}. The first block had its opening facing upwards; the second block had its opening facing away from the participant; the third block had its opening facing towards from the participant; the fourth block had its opening facing to the right of the participant; the fifth block had its opening facing to the left of the participant. These starting positions were standardized throughout trials (position of first block with respect to the base of the robot: mean X: 0.31 m, mean Y: 0.49 m). Each block required a different approach strategy and subsequent placement strategy. Indeed, this task was more difficult than the drinking task.

Protocol {#sec009}
--------

### Child with congenital limb absence {#sec010}

The amount and distribution of practice for both participants are shown in [Table 2](#pone.0226052.t002){ref-type="table"}. We made nine visits to the school of the main participant for testing him over a period of 2 months. Visits were during the participant's free period and were not evenly spaced as they were subject to scheduling availability such as school breaks and exams. Each session was no longer than 60 minutes as constrained by the participant's class schedule. He performed a total of 19 drinking task trials and 11 stacking task trials over the course of all the sessions. The number of trials during each session was variable and dependent on the tasks performed: a stacking task generally took longer than the drinking task. For both participants, the study was concluded when their performance plateaued on each task.

10.1371/journal.pone.0226052.t002

###### Experimental protocol.

![](pone.0226052.t002){#pone.0226052.t002g}

                             MAIN PARTICIPANT   CONTROL PARTICIPANT                                                 
  -------------------------- ------------------ --------------------- --- ---- ---- ---- ---- ---- ---- --- --- --- ----
  **Visit**                  1                  2                     3   4    5    6    7    8    9    1   2   3   4
  **Day**                    1                  4                     8   11   45   50   52   57   64   1   5   8   12
  **Drinking task trials**   2                  7                     0   0    5    4    0    1    0    2   7   0   2
  **Stacking task trials**   0                  0                     1   3    1    0    2    2    2    0   2   3   3

Experimental protocol showing the amount and distribution of practice across days for the main participant (i.e. the child with congenital limb absence) and the control participant. For the main participant, there were a total of 19 trials on the drinking task and 11 trials on the stacking task. For the control participant, there were a total of 11 trials on the drinking task and 8 trials on the stacking task.

During each session, the main participant sat in his personal wheelchair with the table at his navel level, robot to his left front side and eyes at the level of robot's shoulder joint. He wore a cap with an IMU attached on top of it. The IMUs sampled at 125Hz, the same rate at which the signals were processed and sent as commands to the JACO arm. The states of both the head IMU and chair IMU were polled continuously and their difference was sent to the robotic arm as either cartesian velocity commands or rotational velocity commands, depending on the current mode. All IMU values were taken relative to a comfortable base position as defined by the participant before starting each trial.

### Control participant {#sec011}

There were 4 lab visits made by the control participant over a two-week period (2 visits per week). Each session was no longer than 60 minutes to match the main participant's sessions. A total of 10 drinking task trials and 8 stacking task trials were performed over the course of all the sessions. Similar to the main participant's sessions, the number of trials per session varied and were dependent on the tasks performed.

The control participant sat at a table with the height adjusted such that the participant's mouth was at the same height relative to the table's surface as the main participant's. This was to ensure the movement domain of the robotic arm would be similar between participants. This participant was instructed to not translate his head location significantly during the tasks as this could provide an unfair advantage relative to the main participant.

It is important to note that the control participant was an adult controlling a manual joystick; therefore, these data are not intended to be a direct comparison with the child using the head-joystick. Rather, given that the tasks we used were complex tasks for which benchmarks are not already available, the data from the control participant provide reference values that help in interpretation of the magnitudes of the change in performance with learning and the final performance level achieved by the child.

Procedure {#sec012}
---------

At the beginning of each session, participants were allowed to explore the robotic arm's range of movement for as long as they wanted. This generally lasted anywhere between 3--5 minutes. The goal of this free exploration was just to ensure that the interface was working as intended and the participant was ready to start controlling the robot arm.

The order of tasks was decided based on discussion with the participant. The robotic arm was put in a home position before every trial. Breaks were taken between trials if the participant wanted to.

The experimenters also occasionally provided 'coaching' in the form of suggested movements and grasping strategies during both trials and breaks. The type and amount of coaching was not predetermined as the goal of this study was to determine the best level of performance capable with the interface. The amount of coaching decreased over time as control skill and strategies improved.

Data analysis {#sec013}
=============

Task completion {#sec014}
---------------

Task completion was measured by the number of successful trials at the task. For the stacking task, trials were considered incomplete if the participant was not able to finish stacking all five blocks. However, we still report the characteristics of these incomplete trials in the data analysis as they potentially reflect exploration and learning strategies.

Movement time {#sec015}
-------------

Movement time for the tasks were computed from video recordings of the session. For the drinking task, the movement time began on the frame when the robot was first moved from its initial home position by the participant and ended when the participant's mouth made contact with the straw. For the stacking task, the movement times were split into movement times for each block. The first block's time began on the frame when the robot first moved and ended when the robot was no longer touching the correctly placed block. The next block's time began when the previous block's time ended. Together these were combined into a total completion time for the block stacking task.

Dimensionless jerk {#sec016}
------------------

To quantify the smoothness of the movement, we computed the dimensionless jerk values for the tasks from the end-effector position data on each trial. The jerk was normalized by the time and peak velocity to yield a dimensionless measure which has been shown to be more appropriate measure \[[@pone.0226052.ref022]\]. The position values were first low pass filtered using a 2^nd^ order Butterworth filter with a cutoff frequency of 6 Hz. The jerk values for each trial were then calculated from subsequent derivatives of the filtered position data and integrated over the duration of the trial. The dimensionless jerk value was then computed as follows $$Dimensionless\mspace{360mu} Jerk = \sqrt{\left( {\int_{t_{1}}^{t_{2}}{\left\| \dddot{x} \right\|^{2}dt}} \right){MT}^{3}/v_{peak}^{2}}$$ where $\dddot{x}$ indicates the instantaneous jerk, *MT* = (*t*~2~ − *t*~1~) is the movement time of the trial, and *v*~*peak*~ indicates the magnitude of the peak velocity during the trial.

Results {#sec017}
=======

Task completion {#sec018}
---------------

For the drinking task, both participants completed all trials (main participant = 19/19 trials; control participant = 11/11 trials).

For the stacking task, the main participant completed 8/11 trials. Three stacking trials were considered incomplete because the final stacking block (red block in [Fig 1d](#pone.0226052.g001){ref-type="fig"}) was dropped to a position outside of the reach of the robotic arm during the course of the trial. The control participant completed 8/8 stacking trials. Examples of the main participant performing the two tasks are shown in [S1](#pone.0226052.s001){ref-type="supplementary-material"} and [S2](#pone.0226052.s002){ref-type="supplementary-material"} Videos.

Movement time {#sec019}
-------------

### Drinking task {#sec020}

The main participant's slowest movement time was measured at 99 s, his fastest time was measured at 30 s, while the average of his movement times was 55.2 s (*SD* = 16.3 s) (see [Fig 5](#pone.0226052.g005){ref-type="fig"}). However, two trials on visit \#5 (trials marked with an "x" on [Fig 5](#pone.0226052.g005){ref-type="fig"}) involved a lot of talking during the trial and a poorly aligned IMU. Excluding these two trials showed the main participant improved by 43% from his first trial. The control participant's slowest movement time was 75.1 s, his fastest time was 16.9 s, while the average of his movement times was 36.0 s (*SD* = 15.7 s). Using the head joystick, the main participant's average movement time was around 40% slower than the control participant's average movement time when using the manual joystick.

![Movement times for drinking task trials.\
The movement times for the drinking task trials for the main participant across practice. The range and mean of the control participant's times are included for comparison. Movement times denoted with a "x" were those in which the main participant had significant distractions or poor IMU alignment. They are not included in mean session movement time but are reported since the main participant was able to complete the task.](pone.0226052.g005){#pone.0226052.g005}

### Stacking task {#sec021}

For completed trials, the main participant's slowest movement time was 1020 s, his fastest time was 446 s, while the average of his movement times was 608 s (*SD* = 175 s) (see [Fig 6](#pone.0226052.g006){ref-type="fig"}). The control participant's slowest movement time was 797 s, his fastest time was 376 s, while the average of his movement times was 549 s (*SD* = 128 s). Overall the reduction in their completion times on their last days' trials relative to their respective first trials were very comparable (main participant = 50%; control participant = 39%) and the main participant's best trial was only 19% slower than the control participant's best trial. For the main participant, the average times it took to successfully place each block were 74 s (*SD* = 47 s), 123 s (*SD* = 28 s), 123 s (*SD* = 30 s), 156 s (*SD* = 98 s), and 168 s (*SD* = 52 s), in order. Average improvements in movement time on the last day of each block relative to trial 1 were 76%, 40%, 39%, 33%, and 51%.

![Movement times for stacking task trials.\
The movement times for the stacking task for the main participant across practice. The range and mean of the control participant's complete stacking times are included for comparison. Trials 3, 5, and 8 were incomplete in which the main participant was unable to successfully place the last block due to dropping it outside the reach of robotic arm.](pone.0226052.g006){#pone.0226052.g006}

Dimensionless jerk {#sec022}
------------------

### Drinking task {#sec023}

The dimensionless jerk of the main participant closely followed the pattern of the movement times---see [Fig 7](#pone.0226052.g007){ref-type="fig"}. Two trials on visit \#5 (trials marked with an "x" on [Fig 5](#pone.0226052.g005){ref-type="fig"}) involved a lot of talking during the trial and a poorly aligned IMU. Additionally, the data for trial \#15, which occurred during visit 6, was corrupted and therefore omitted from the jerk analysis. Comparing the dimensionless jerk values from the first four trials (Trials 1--4) to the last four trials (Trials 16--19)) shows a 45% decrease in dimensionless jerk value.

![Dimensionless jerk values for drinking task trials.\
Dimensionless jerk values for drinking task trials for the main participant across practice (smaller jerk values indicate smoother movements). Jerk values denoted with a "x" were those in which the main participant had significant distractions or poor IMU alignment which led to large jerk values. Additionally, trial \#15, which occurred during visit 6, is omitted due to data corruption.](pone.0226052.g007){#pone.0226052.g007}

### Stacking task {#sec024}

The dimensionless jerk of the main participant for the stacking trials also closely followed the pattern of the movement times---see [Fig 8](#pone.0226052.g008){ref-type="fig"}. Comparing the jerk values from the first three completed trials (trial 3 (visit 4), trial 5 (visit 5), and trial 8 (visit 8) were incomplete) to the last three completed trials shows an 57% decrease in dimensionless jerk value.

![Dimensionless jerk values for stacking task trials.\
Dimensionless jerk values for stacking task trials for the main participant across practice (smaller jerk values indicate smoother movements). Trial 3 (visit 4), trials 5 (visit 5) and 8 (visit 8) were incomplete in which the main participant was unable to successfully place the last block due to dropping it outside the reach of robotic arm.](pone.0226052.g008){#pone.0226052.g008}

Discussion {#sec025}
==========

The goal of this study was to examine the use of an IMU-based head-joystick for controlling a robotic arm to perform high-DOF functional tasks. We showed that a child with congenital limb absence was able to successfully use the head-joystick to perform two complex functional tasks. Moreover, the child was able to improve his performance over time to a level comparable to that of an unimpaired individual using a manual joystick.

Across a fairly limited practice time (\~6--8 sessions) for both the drinking and stacking tasks, the child achieved the task goal almost twice as fast as compared to his first attempt. These times were, as expected, somewhat higher relative to the performance of the control participant on the joystick, but here we found an effect of task complexity: in the simpler drinking task, the performance of the child was about 40% slower than the control, whereas in the more complex stacking task, this difference shrunk to about 20%. A likely explanation for this is that even though the control algorithms were identical in both cases, in the simpler drinking task, where the robot could travel with higher velocity, the manual joystick had an advantage because the user could simply push the joystick instantaneously to the end of its range of motion and maintain it in that spot without discomfort. In contrast, such rapid movements would have been difficult using the head. One alternative could have been to increase the gain on the head joystick, but this would have likely compromised fine control required in more complex tasks. However, in the more complex stacking task, where movement speed was not the limiting factor in performance, the head-joystick was almost on par with the manual joystick. Moreover, although we had no direct measures of user satisfaction, the fact that the participant continued this task for over 3 months and was enthusiastic about returning for future visits is a potential indicator that he was satisfied with the interface.

Controlling high DOFs using a body-machine interface in individuals with limited movement repertoire has always posed a significant challenge. One popular approach is to use dimensionality reduction techniques like principal component analysis (PCA) to extract the most relevant movement directions for control. While this technique can accommodate different movement repertoires, they have only been implemented for controlling one or two degrees of freedom \[[@pone.0226052.ref007], [@pone.0226052.ref009]\]; furthermore, the mapping between the motion of the body and that of the assistive device can often be non-intuitive \[[@pone.0226052.ref021]\]. A more recent approach---the Virtual Body Model (VBM) \[[@pone.0226052.ref023]\]- is more intuitive for control of high DOFs because of the pre-defined mapping between the body and device DOFs but it relies on a nearly full range of movement in the torso. Since our primary participant had no lower limbs, seatbelts are used to constrain his body to an upright posture in the wheelchair; this limited range of movement of the torso makes the VBM approach unsuitable in our case. These specific constraints required the design of a custom interface that relied primarily on head movements. In this design, the head was used as a joystick to control up to three DOFs of the end-effector at a time; toggling between different sets of DOFs was achieved by activating switches using the body.

One of our primary goals was to provide greater independence for the child in activities of daily living. To this end, we designed the two tasks to not only involve control of high DOFs, but also resemble activities that are frequently needed in both the home and school environments. The drinking task required the child to position the robot end-effector near the cup, grasp the cup, and position and orient the cup near his mouth so that he could drink comfortably using the straw. The stacking task was more complex; it not only involved proper positioning and orienting of the end-effector to grasp and place individual blocks, but also required sequence planning and on-the-fly adaptations to accommodate for variations in prior movement outcomes. For example, the final block of the task required a two-step strategy: given the distant location and orientation of the block, it could not be grasped and placed on the stack using a single grasp. Instead, the block needed to be repositioned and released before regrasping it in such a way that it could be placed on the stack. The use of such tasks with several levels of complexity may especially be critical when designing interfaces of children, as performance may not only be determined by the intuitiveness of the control but also the cognitive planning of the task. It is also worth noting that despite requiring the use of head movements to control the robot to precisely control the end effector, the child was able to successfully perform these tasks, indicating that the small head movements performed did not interfere greatly with the use of visual feedback.

Our work also extends prior work on using head gestures to control a robot. In one study \[[@pone.0226052.ref018]\], adult participants (able-bodied adults and tetraplegics) used a similar head-mounted IMU to control a 7 DOF robotic arm to accomplish pick and place tasks, but focused only on a single session of practice. Similarly, a second study \[[@pone.0226052.ref019]\] evaluated the use of IMUs for the control of a robot arm, and showed similar performance in a single session in able-bodied adults. Our results add to these prior findings by demonstrating that (i) these interfaces are well-suited for children, and (ii) the improvement in performance over multiple practice sessions is substantial (up to 40--50% reduction in movement times). The child's performance for the tasks was found to be comparable to that of an adult control participant using a manual joystick. However, given that we only had data from a single child and a single adult, additional studies are needed for assessing the generality of these findings.

In addition to head control methods discussed here, several alternate control interfaces to manual joysticks have been developed for individuals with severe movement impairments. These include sip-and-puff systems, voice control \[[@pone.0226052.ref024]\], gaze control \[[@pone.0226052.ref025]\] and tongue control \[[@pone.0226052.ref026]\]. These interfaces typically involve some tradeoff between (i) the number of control dimensions (e.g., a device that only allows control of 1 or 2 dimensions would require frequent 'switching' to control a high DOF robotic arm), (ii) the type of control (e.g., discrete controls are possible using voice commands but are less intuitive and precise relative to continuous control like a joystick), and (iii) the 'invasiveness' of the device both in terms of its physical attributes (e.g., whether it is easily wearable, wireless etc.) but also how it affects other activities such as communication (e.g., gaze or voice based controls may interfere with natural day-to-day behavior). Ultimately, the choice of the interface will depend both on existing movement abilities for the individual and the number of degrees of freedom to be controlled.

In terms of further improvements to our design, we wish to highlight two issues. First, a limitation of our approach is that the 'burden of learning' is all on the user. This may be especially challenging for children, who show deficits relative to adults in learning such interfaces \[[@pone.0226052.ref021], [@pone.0226052.ref027]\]. One way to improve this is to use either an adaptive interface that adjusts to the user \[[@pone.0226052.ref028], [@pone.0226052.ref029]\], or use a shared control framework so that the autonomy of control can be shared between the human and the machine \[[@pone.0226052.ref030]\]. Second, for the sake of simplicity, we relied only on head movements (i.e. kinematics) to control the device. However, in the control of other neuroprosthetics, electromyographic signals from different muscles is often used to augment the movement repertoire by providing distinct control signals for the control of the external device \[[@pone.0226052.ref031]--[@pone.0226052.ref033]\]. Therefore, a hybrid combination of IMU signals along with electromyography may further facilitate the user for efficient control of high DOFs \[[@pone.0226052.ref034]\]. Addressing these limitations could increase the potential of this approach to deal with real-life situations which require both speed and accuracy.

In conclusion, we showed that for a child with congenital limb absence, a head-joystick is a viable means for controlling a robotic arm to perform complex tasks of daily living. Developing efficient, non-invasive techniques with intuitive control of high DOFs, and quantifying their performance in a larger sample is a key challenge that needs to be addressed in future studies.

Supporting information {#sec026}
======================

###### Example drinking task for main participant.

In this trial, the main participant conducts a complete drinking task. The robotic arm is initialized to the starting position after which the participant commands it to move towards the cup, grasp the cup, and then move and orient the cup such that he is able to drink from the straw.

(MP4)

###### 

Click here for additional data file.

###### Example stacking task for main participant.

In this trial, the main participant conducts a complete stacking task. The robotic arm is initialized to the starting position after which the participant commands it to approach, grasp, orient, and place each block on the preceding block or on the table in the case of the first block.

(MP4)

###### 

Click here for additional data file.

###### Data from participant trials as used for analysis.

Included are the movement times and dimensionless jerk values for each of the main and control participants' drinking and stacking trials.

(XLSX)

###### 

Click here for additional data file.
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that the IMU-based head joystick is well suited for the control of the robotic arm and that the

system allowed the child to reach a level of handiness comparable to the one of an unimpaired

individual controlling the same robotic arm with a manual joystick.

The manuscript is well organized and well written so that also non-specialists can understand

the work. The state of the art is clear and sound. Details of the methodology are sufficient to

allow the experiments to be reproduced and the original data are accessible.

My main concern is about the comparison between the main subject (child with congenital limb

absence) and the control subject. If the goal is to examine the use of an IMU-based controlling
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subjects, not only one, that are controlling the robot with both modalities. And then also

present the case study with the congenital lack of limbs.
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\- It would be nice to have an idea (on average) of how long the free exploration during each

session was.

\- There is no reference in the manuscript to Table 1.

\- When the authors report the average movement time, I suggest reporting also the standard

deviation
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• The performance contrast between the case subject and control subject is not well justified, as the performance could be affected by not only the input devices (head vs hand), but also their personal characteristics including but not limited to physical limitations. Thus, it is unclear how such information would be clinically or practically meaningful.

• The limitation of the control interface was not stated. How does head movement control affect visual feedback a user would need for accurately controlling the arm motion? How generalizable the approach is when used in real-life situations (e.g., wheelchair-mounted arm)?

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

Reviewer \#3: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0226052.r002

Author response to Decision Letter 0

14 Mar 2020

Response to Editors and Reviewers

We thank the Editor and all 3 reviewers for their insightful comments. We have addressed these concerns with significant changes in the manuscript as seen below. We think these changes have greatly improved the manuscript and hope that the revised version is suitable for publication.
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Journal Requirements:

1\. When submitting your revision, we need you to address these additional requirements.

Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

We have made edits throughout our manuscript to ensure that our manuscript meets PLOS ONE's style requirements

2\. Please include captions for your Supporting Information files at the end of your manuscript, and update any in-text citations to match accordingly. Please see our Supporting Information guidelines for more information: <http://journals.plos.org/plosone/s/supporting-information>.

We have included captions for supporting information files at the end of the manuscript,

Supporting information

Video S1. Example drinking task for main participant. In this trial, the main participant conducts a complete drinking task. The robotic arm is initialized to the starting position after which the participant commands it to move towards the cup, grasp the cup, and then move and orient the cup such that he is able to drink from the straw.

Video S2. Example stacking task for main participant. In this trial, the main participant conducts a complete stacking task. The robotic arm is initialized to the starting position after which the participant commands it to approach, grasp, orient, and place each block on the preceding block or on the table in the case of the first block.

Data File S3. Data from participant trials as used for analysis. Included are the movement times and dimensionless jerk values for each of the main and control participants' drinking and stacking trials.

3\. We note that Figure 1 and your videos includes an image of a \[patient / participant / in the study\].

As per the PLOS ONE policy (<http://journals.plos.org/plosone/s/submission-guidelines#loc-human-subjects-research>) on papers that include identifying, or potentially identifying, information, the individual(s) or parent(s)/guardian(s) must be informed of the terms of the PLOS open-access (CC-BY) license and provide specific permission for publication of these details under the terms of this license. Please download the Consent Form for Publication in a PLOS Journal (<http://journals.plos.org/plosone/s/file?id=8ce6/plos-consent-form-english.pdf>). The signed consent form should not be submitted with the manuscript, but should be securely filed in the individual\'s case notes. Please amend the methods section and ethics statement of the manuscript to explicitly state that the patient/participant has provided consent for publication: "The individual in this manuscript has given written informed consent (as outlined in PLOS consent form) to publish these case details".

If you are unable to obtain consent from the subject of the photograph, you will need to remove the figure and any other textual identifying information or case descriptions for this individual.

We have acquired from the participant's guardian a signed Consent Form for Publication in a PLOS Journal and it has been mentioned in the manuscript.

The individual in this manuscript has given written informed consent (as outlined in PLOS consent form) to publish these case details.

4\. We note you have included a table to which you do not refer in the text of your manuscript. Please ensure that you refer to Table 1 in your text; if accepted, production will need this reference to link the reader to the Table.

We have referred to all tables present in our manuscript within the text.

Reviewer\'s Responses to Questions

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: The paper presents an evaluation of a \"head joystick\" (IMU-based head motion tracker) used to control a robotic arm by a child with a congenital absence of all four limbs as well as a control participant. They demonstrate that the participant was able to use the head joystick to effectively control the arm and accomplish two different tasks. Overall, I believe that the paper is well-written and represents an appropriate first evaluation of the system. I have no major concerns with it, and my suggestions mostly have to do with improving clarity and informativeness.

We thank the reviewer for the positive comments

1\. Please clarify whether the participant\'s prior two studies with your group also involved the head joystick.

The prior studies involved control with the shoulder and torso movements, not the head joystick. This has now been clarified in the manuscript.

These prior studies involved the control of these devices using shoulder and torso movements.

2\. Please describe the \"some unstructured sessions\" in more detail. How many sessions? Approximate time per session? Approximate activities performed?

The following text has been included to describe the unstructured sessions:

Initially, there were 4 unstructured sessions, each lasting about 30-45 minutes in length. We used these sessions to calibrate the interface to make sure that the head movements performed were in a comfortable range when controlling the robot. During each session, the participant was asked to do some exploratory movements of the head to understand how movements of each DOF controlled the robot, and to learn the operation of the switches (which was used to toggle between the translation/orientation modes). In addition, the participant was also free to perform any tasks of their liking using the robot arm like trying to pick up an object from a table.

3\. Please consistently put spaces between the number and unit (e.g., 0.05 m/s, not 0.05m/s).

Thank you. This has been corrected.

4\. While photos of the two tasks are provided, I would have appreciated some more information about the parameters of the task - exact distances to be covered, precision required etc.

We thank the reviewer for this suggestion. We have now included these details in the methods section. Table 1 has the dimensions of the stacking blocks.

The robotic arm was always initialized in the same starting position (X: 0.40 m, Y: 0.30 m, Z: 0.30 m from the base of the robot with the gripper open enough to grasp the cup and facing towards the right) while the cup was in front of and to the right of the participant on the table (mean X: 0.58 m, mean Y: 0.25 m, Z: 0.00 m) - see Fig 1c. \[\...\] The final position of the grasper holding the cup when the main participant took a drink was (mean X: 0.35 m, mean Y: -0.04 m, Z: 0.10 m) with the grasper facing towards the participant.

The location of the tower was chosen by the participant (mean X: 0.39 m, mean Y: 0.28 m) to allow them to have a clear vision of the remaining blocks for the remainder of the tasks.

Block Outer dimension of closed face (mm) Inner dimension of open face (mm)

1 44 54

2 46 61

3 53 68

4 60 77

5 67 84

Table 1. Dimensions of stacking blocks. The difference between the inner dimension of the upper block and the outer dimension of the lower block defined the precision to which the block had to be placed to be secure.

The blocks were placed directly across the table from the participant in five orientations not matching the target orientation - see Fig 1d. The first block had its opening facing upwards; the second block had its opening facing away from the participant; the third block had its opening facing towards from the participant; the fourth block had its opening facing to the right of the participant; the fifth block had its opening facing to the left of the participant. These starting positions were standardized throughout trials (position of first block with respect to the base of the robot: mean X: 0.31 m, mean Y: 0.49 m).

5\. I feel like more results could have been provided. In the current form, the results are limited to task completion times and percentage of successfully completed tasks. Would have been useful to see more information about any false positives/negatives during switching, task completion strategies, motion smoothness, etc. Perhaps even subjective information like user satisfaction.

We thank the reviewer for this suggestion. We have now included figures for the jerk calculations (quantifying smoothness) for both drinking and stacking tasks. The results are similar to that seen in the movement times (smoothness increases overall with learning as evidenced by decreased jerk).

Because the control was continuous, the only 'discrete' errors we could see were during grasping (which were controlled by switches). The number of grasping errors was quite low and we did not observe any trends with practice even as movement times decreased. We also did not observe any major qualitative changes in task completion strategies.

We do not have any standard measures of perceived usability or satisfaction. However, we the fact that the participant continued this task for over 3 months and was enthusiastic about returning for future visits is a potential indicator that he was satisfied with the interface. We have added this in the Discussion

Moreover, although we had no direct measures of user satisfaction, the fact that the participant continued this task for over 3 months and was enthusiastic about returning for future visits is a potential indicator that he was satisfied with the interface.

These changes related to the dimensionless jerk have been incorporated in the Data analysis and Results of the manuscript as follows:

In the Data analysis:

Dimensionless jerk. To quantify the smoothness of the movement, we computed the dimensionless jerk values for the tasks from the end-effector position data on each trial. The jerk was normalized by the time and peak velocity to yield a dimensionless measure which has been shown to be more appropriate measure The position values were first low pass filtered using a 2nd order Butterworth filter with a cutoff frequency of 6 Hz. The jerk values for each trial were then calculated from subsequent derivatives of the filtered position data and integrated over the duration of the trial. The dimensionless jerk value was then computed as follows

Dimensionless Jerk= √((∫\_(t_1)\^(t_2)▒〖‖x‖\^2 dt〗) 〖MT〗\^3/v_peak\^2 )

where x indicates the instantaneous jerk, MT=(t_2- t_1 ) is the movement time of the trial, and v_peak indicates the magnitude of the peak velocity during the trial.

In the Results:

Dimensionless jerk

Drinking task

The dimensionless jerk of the main participant closely followed the pattern of the movement times -- see Fig 7. Two trials on visit \#5 (trials marked with an "x" on Fig 5) involved a lot of talking during the trial and a poorly aligned IMU. Additionally, the data for trial \#15 was corrupted and therefore omitted from the jerk analysis. Comparing the dimensionless jerk values from the first four trials to the last four trials shows a 45% decrease in dimensionless jerk value.

Stacking task

The dimensionless jerk of the main participant for the stacking trials also closely followed the pattern of the movement times -- see Fig 8. Comparing the jerk values from the first three completed trials (trials 2, 5, and 8 were incomplete) to the last three completed trials shows an 57% decrease in dimensionless jerk value.

Figure 7. Dimensionless jerk values for drinking task trials for the main participant across practice. Jerk times denoted with a "x" were those in which the main participant had significant distractions or poor IMU alignment which led to large jerk values. Additionally, trial \#15 is omitted due to data corruption.

Figure 8. Dimensionless jerk values for stacking task trials for the main participant across practice. Trials 3, 5, and 8 were incomplete in which the main participant was unable to successfully place the last block due to dropping it outside the reach of robotic arm.

 

Reviewer \#2: The authors present a study conducted with a child with congenital limbs absence controlling a 7dof robotic arm (Jaco, Kinova) using a head-based IMU system. The goal was to demonstrate that the IMU-based head joystick is well suited for the control of the robotic arm and that the system allowed the child to reach a level of handiness comparable to the one of an unimpaired individual controlling the same robotic arm with a manual joystick.

The manuscript is well organized and well written so that also non-specialists can understand the work. The state of the art is clear and sound. Details of the methodology are sufficient to allow the experiments to be reproduced and the original data are accessible.

We thank the reviewer for the positive comments

My main concern is about the comparison between the main subject (child with congenital limb absence) and the control subject. If the goal is to examine the use of an IMU-based controlling system for a robotic arm, I think it would be more fare to compare the performance of the same subject using two different control systems. So in this case I would have preferred to see the main subject practicing with the IMU-based and with the commercially available head-controlled joystick. Or have the control subject practicing and performing the tasks with the joystick of the Jaco and with the IMU-based joystick. My suggestion is to add a group of healthy subjects, not only one, that are controlling the robot with both modalities. And then also present the case study with the congenital lack of limbs.

We thank the reviewer for the comment. We want to emphasize that the purpose of including the control participant was not to compare the IMU interface directly with a head joystick (there were no statistical comparisons being made), but to only provide a baseline reference for the movement times (otherwise the magnitude of the movement times would not be directly interpretable).

An important novel contribution of the current study was to examine the feasibility of the interface in children with movement impairment and show that they can accomplish complex tasks in a reasonable period of time. Therefore, we think that adding a group of healthy adult participants doing both interfaces (which could provide information about the relative usability of the interfaces) is not directly related to the current focus of the manuscript. The reviewer's point about directly comparing with a commercially available head joystick is well taken and while this is not currently feasible, this line of investigation certainly lies within the scope of our future work.

We have now added this line to clarify the use of the control participant.

It is important to note that the control participant was an adult controlling a manual joystick; therefore, these data are not intended to be a direct comparison with the child using the head-joystick. Rather, given that the tasks we used were complex tasks for which benchmarks are not already available, the data from the control participant provide reference values that help in interpretation of the magnitudes of the change in performance with learning and the final performance level achieved by the child.

Minor concerns:

\- It would be nice to have an idea (on average) of how long the free exploration during each

session was.

The following text has been included:

The free exploration lasted anywhere between 3-5 minutes. The goal of the free exploration was just to ensure that the interface was working as intended and the participant was ready to start controlling the robot arm.

\- There is no reference in the manuscript to Table 1.

We thank the reviewer for pointing this out. This is now Table 2 and is referenced in the manuscript.

The amount and distribution of practice for both participants is shown in Table 2.

\- When the authors report the average movement time, I suggest reporting also the standard

Deviation

We have included standard deviation next to their corresponding means in the text. We have also included the individual data points in the figures

Reviewer \#3: The paper described a case study where a child with congenital absence of all four limbs controlled a robotic arm using custom head movement control. However, the paper had a number of issues.

• The authors did not provide a comprehensive review of the existing work on control interfaces for assistive robotic manipulators. Only brain control was mentioned. JACO arms could be controlled with wheelchair joystick, head control, sip-and-puff, and head array system. In addition, there are many types of custom control interfaces (e.g., voice control and eye gaze control) in existing literature. It was unclear how the proposed approach is more advantageous than existing work.

• The novelty or focus of the study is not clearly stated. From the technical perspective, as mentioned earlier, JACO arm could be controlled with wheelchair joystick, head control, sip-and-puff, and head array system, so it was not clear how the head control system used in this study differed from the JACO's existing capability.

We thank the reviewer for raising this point. In the introduction, we compare our method in the context of existing 'head control' methods (head arrays and head joysticks) as the focus is on developing interfaces with individuals with severe impairments (where the assumption is that that they cannot use a regular manual joystick). Here, one main advantage of our method is to create a wireless 'continuous' control interface like the joystick for high DOF tasks (which is more intuitive compared to head arrays which rely on switches).

In the discussion, we have now talked about other interfaces (such as the sip and puff system, eye gaze control, voice commands). One primary advantage of our interface is that it is designed to be flexible and used for high-DOF control with precision. The relative advantages of each system will depend to a great extent on the abilities of the individual (e.g. a more severely impaired individual with limited head movements may benefit from a voice controlled or sip-and-puff system). We have included this text in the Discussion

In addition to head control methods discussed here, several alternate control interfaces to manual joysticks have been developed for individuals with severe movement impairments. These include sip-and-puff systems, voice control \[23\], gaze control \[24\] and tongue control \[25\]. These interfaces typically involve some tradeoff between (i) the number of control dimensions (e.g., a device that only allows control of 1 or 2 dimensions would require frequent 'switching' to control a high DOF robotic arm), (ii) the type of control (e.g., discrete controls are possible using voice commands but are less intuitive and precise relative to continuous control like a joystick), and (iii) the 'invasiveness' of the device both in terms of its physical attributes (e.g., whether it is easily wearable, wireless etc.) but also how it affects other activities such as communication (e.g., gaze or voice based controls may interfere with natural day-to-day behavior). Ultimately, the choice of the interface will depend both on existing movement abilities for the individual and the number of degrees of freedom to be controlled.

From the clinical perspective, only one subject participated in the study and the training/evaluation protocol was somewhat unstructured, and thus cannot be generalized.

This is a highly unique population (child with no movement of the limbs)- so the goal was to provide proof of concept that the head IMU interfaces are feasible for complex movements in children. We have added this as a limitation of the study.

Although conducted as a case study, which places limits on generalizability, our results add to these prior findings by demonstrating that (i) these interfaces are well-suited for children, and (ii) the improvement in performance over multiple practice sessions is substantial (up to 40-50% reduction in movement times) and comparable to manual joystick performance.

In addition, only task completion time was reported, and user perceived usability was not mentioned. Given the nature of such intervention, it would be helpful to know the user feedback on the control interface and training procedure.

The reviewer makes a good point but we do not have any standard measures of perceived usability or satisfaction. However, the fact that the participant continued this task enthusiastically for over 3 months is an indicator that he was satisfied with the interface.

• The performance contrast between the case subject and control subject is not well justified, as the performance could be affected by not only the input devices (head vs hand), but also their personal characteristics including but not limited to physical limitations. Thus, it is unclear how such information would be clinically or practically meaningful.

As in our response to reviewer 2, the performance of the control subject was only to provide a baseline reference for the movement times (and not to directly compare them). We have now added this line to clarify the use of the control participant.

Given that the control participant was an adult controlling a manual joystick, these values are not intended to be a direct comparison with the child using the head-joystick. Rather, given that the tasks we used were complex tasks for which benchmarks are not already available, the data from the control participant provide reference values that help interpretation of the magnitudes of the change in performance over learning and the final performance level achieved by the child.

• The limitation of the control interface was not stated. How does head movement control affect visual feedback a user would need for accurately controlling the arm motion? How generalizable the approach is when used in real-life situations (e.g., wheelchair-mounted arm)?

Both tasks required visual feedback since they required precision to hold the cup or stack the blocks. The head movements performed were quite small; because head movements directly controlled the velocity of the robot, big movements of the head were not needed. Additionally, when big movements of the robot were needed (where visual feedback is not as critical). So at least to a first approximation, these movements did not seem to affect the use of visual feedback to control the movement of the robot arm. Even when it is mounted on a wheelchair, it is unlikely that the user will do both wheelchair navigation and robot arm control simultaneously; therefore, we do not think that the head movements will pose a problem in real-world situations.

We have referred to this in the Discussion

It is also worth noting that despite requiring the use of head movements to control the robot to precisely control the end effector, the child was able to successfully perform these tasks, indicating that the small head movements performed did not interfere greatly with the use of visual feedback..

We refer to the limitations of the current approach in the penultimate paragraph in the Discussion. (Burden of learning being completely on the user, and the exclusive use of head signals)

In terms of further improvements to our design, we wish to highlight two issues. First, a limitation of our approach is that the 'burden of learning' is all on the user. This may be especially challenging for children, who show deficits relative to adults in learning such interfaces \[21\], \[26\]. One way to improve this is to use either an adaptive interface that adjusts to the user \[27\], \[28\], or use a shared control framework so that the autonomy of control can be shared between the human and the machine \[29\]. Second, for the sake of simplicity, we relied only on head movements (i.e. kinematics) to control the device. However, in the control of other neuroprosthetics, electromyographic signals from different muscles is often used to augment the movement repertoire by providing distinct control signals for the control of the external device \[30\]--\[32\]. Therefore, a hybrid combination of IMU signals along with electromyography may further facilitate the user for efficient control of high DOFs \[33\].

We have also added this line to highlight the goal of responding in real-life situations

Addressing these limitations could increase the potential of this approach to deal with real-life situations which require both speed and accuracy.
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2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: (No Response)

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: (No Response)

Reviewer \#2: N/A

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.
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PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.
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Reviewer \#2: Yes
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Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: (No Response)

Reviewer \#2: I want to tank the authors for the detailed replies to all my concerns. Everything is good with the exception of the main concern. I am still not fully convinced about the lack of a control group. I understand that comparing the IMU-based interface with the commercial available interface is out of the scope of this specific paper, and I am okay with that. As the author said themselves "the purpose of including the control participant was to only provide a baseline reference for the movement times" but with n=1 the baseline values might not be true but instead a "false positive". My suggestion is to include data of few healthy subjects.
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Response to Editors and Reviewers

We thank the Editor and the reviewers for their insightful comments. We have addressed these concerns with changes in the manuscript as seen below. We think these changes have improved the manuscript and hope that the revised version is suitable for publication.

We have provided a point-by-point rebuttal to each comment below. For the sake of clarity, we have color coded the text as follows:

Editors and Reviewer comments in BLACK

Authors' response in BLUE

Corresponding changes in manuscript in GREY

\-\-\-\-\-\--

Journal Requirements:

N/A

Reviewer\'s Responses to Questions

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: (No Response)

Reviewer \#2: I want to tank the authors for the detailed replies to all my concerns. Everything is good with the exception of the main concern. I am still not fully convinced about the lack of a control group. I understand that comparing the IMU-based interface with the commercial available interface is out of the scope of this specific paper, and I am okay with that. As the author said themselves "the purpose of including the control participant was to only provide a baseline reference for the movement times" but with n=1 the baseline values might not be true but instead a "false positive". My suggestion is to include data of few healthy subjects.

We thank the reviewer for the comment. We understand the reviewer's concerns regarding the fact that we had only a single individual as control (although we had multiple measurements over multiple visits on this individual and we provide an indication of not only the mean but the full range of values seen during practice). Also, anecdotally we wish to note that the best times for the stacking task of the control participant and the main participant were within 25% of the best time of what can be considered an expert user's time (the expert user was the researcher who developed the system and had practiced on it extensively during testing) -- main best: 446 s, control best: 376 s, expert best \~300 s. Even though this data is anecdotal, we think it gives us confidence that the data we report are not far off the mark.

Ultimately, given this is a case-study, we think this result can only be treated as a proof of concept and is not intended to be generalizable - so issues such as false positives or negatives are not applicable. Moreover, given the current situation with COVID-19, we believe that we will not be able to get this data for several months, and it would not fundamentally alter any of the conclusions in the paper.

We have now explicitly addressed the limitations of our results as needing further study in order to be applied generally. We hope that this additional narrowing of the scope of the generality of our work is sufficient.

\"Our results add to these prior findings by demonstrating that (i) these interfaces are well-suited for children, and (ii) the improvement in performance over multiple practice sessions is substantial (up to 40-50% reduction in movement times). The child's performance for the tasks was found to be comparable to that of an adult control participant using a manual joystick. However, given that we only had data from a single child and a single adult, additional studies are needed for assessing the generality of these findings.\"
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